). In addition, the ␣-p-S196 staining on centromeres was abolished in extracts depleted of MCAK ( Figure 5E ). These data demonstrate that the ␣-p-S196 antibody is specific to MCAK. To further show that the antibody was phosphospecific, we phosphorylated MD-MCAK in vitro with Ipl1-Sli15. Upon incubation of MD-MCAK with Ipl1-Sli15, the immunoblot signal with ␣-p-S196 increased over time and was tightly correlated to the incorporation of ␥-32 PO 4 -ATP on the substrate in a parallel reaction ( Figure 5B ). In addition, the ␣-p-S196 immunoreactivity in MCAK generated by Ipl1-Sli15 was abolished by phosphatase treatment ( Figure 5C ). Although full-length MCAK (S196A) was efficiently phosphorylated by either Aurora B or Ipl1-Sli15 (Figure S1B), this phosphorylated form of MCAK (S196A) was not recognized by the ␣-p-S196 antibody ( Figure 5C ). Together, these data demonstrate that the ␣-p-S196 antibody specifically recognizes MCAK phosphorylated on S196.
If Aurora B is the kinase that phosphorylates S196, then Xenopus extracts depleted of Aurora B should not be able to generate the ␣-p-S196 immunoreactivity. We treated the Xenopus extracts immunodepleted as in reactivity with the ␣-p-S196 antibody was generated. pleted from the extracts ( Figure 5E ). In addition, both the ␣-p-S196 signal and the ␣-phos-H3 signal were abrogated when Xenopus S3 cells were treated with cantly decreased the number of microtubules ( Figure  Hesperadin (Figure 5F ). These data further show that 4Cb). Phosphorylation of MD-MCAK by Ipl1-Sli15 comthe antibody is highly specific and suggest that the pletely inhibited MCAK depolymerization activity (Figure phosphorylation of centromeric MCAK at the inhibitory 4Cc). To confirm that S196 phosphorylation is responsi-S196 site in vivo is dependent on Aurora B kinase acble for the inhibition, we incubated the S196A mutant tivity. with Ipl1-Sli15. MD-MCAK (S196A) still had significant depolymerization activity after incubation with Ipl1-Sli15, suggesting that Ipl1-Sli15 regulates MCAK activity Phosphorylation of S196 on MCAK Is Spatially and Temporally Regulated during Mitosis by phosphorylating S196 (Figures 4Cd and 4Ce) . We also noticed that the MCAK S196A mutant was slightly
The ␣-p-S196 antibody is also highly specific in S3 cells, as an ␣-p-S196 immunoblot of an asynchronized S3 cell more active than wild-type MCAK in the depolymerization assays (Figures 4Cb and 4Cd) . Immunoblot analysis lysate generated a single band, whereas treatment with the phosphatase inhibitor okadaic acid generated an confirmed that the baculovirus-expressed MD-MCAK was partially phosphorylated on S196, whereas the additional hyperphosphorylated, slow-migrating band ( Figure 6A ). By immunofluorescence, the ␣-p-S196 anti-S196A mutant was not (data not shown). These data suggest that Aurora B phosphorylates MCAK on S196 body brightly recognized centromeres in prophase (data not shown). From prometaphase to metaphase, the cenin its kinesin neck region to inhibit its microtubule depolymerase activity.
tromeric staining decreased dramatically as chromosomes aligned tightly at the metaphase plate ( Figure 6B ). This staining was between the two dots of a kinetochore Aurora B Dictates the S196 Phosphorylation of MCAK In Vivo marker Ndc80, demonstrating that it is in the centromere region ( Figure 6C ) [37] . Costaining of late prometaphase To examine the phosphorylation of MCAK by Aurora B in vivo, we generated a phosphospecific antibody to cells using the ␣-MCAK antibody and ␣-p-S196 showed that the population of MCAK recognized by ␣-p-S196 the peptide region around S196 of MCAK (␣-p-S196). Treatment of mitotic egg extracts with the phosphatase was not completely coincident with ␣-MCAK. These results suggest that unaligned chromosomes may have inhibitor microcystin reduced the gel mobility of MCAK ( Figure 5A ), suggesting that MCAK phosphorylation was regions of both phosphorylated and unphosphorylated MCAK ( Figure 6D ). Centromeric staining of ␣-p-S196 on increased. The phosphoepitope antibody ␣-p-S196 spe- unaligned chromosomes was consistently asymmetric microtubules were only lightly stained with the ␣-MCAK antibody; however, they stained brightly with the ␣-pand was brighter than on centromeres of most aligned chromosomes ( Figures 6C and 6D , data not shown). S196 antibody ( Figure 6B ). These data suggest that Aurora B also phosphorylates MCAK on midzone microtuThese data demonstrate that Aurora B phosphorylates S196 of MCAK at the centromere during the processes bules during the processes of chromosome segregation and spindle elongation. of bipolar attachment and chromosome congression.
The ␣-p-S196 antibody only lightly stained the spindle poles where ␣-MCAK staining is prominent at all stages Addition of ␣-p-S196 Antibodies to Xenopus Extracts Phenocopies Inhibition of MCAK of mitosis (Figures 1 and 6B) , which demonstrates that the pool of MCAK phosphorylated at S196 is predomiTargeting to the Centromere To examine the mitotic consequences of blocking the nantly localized in regions where Aurora B concentrates, such as at the centromere. This was also observed for population of MCAK that is phosphorylated on S196, we added nonimmune IgG, ␣-MCAK antibody, or ␣-pthe staining pattern of midzone microtubules and the midbody, which are the major sites of Aurora B localiza-S196 antibodies into Xenopus egg extracts after mitotic spindle assembly. The addition of control IgG or ␣-ption during anaphase and telophase (Figure 1 ). Midzone We found that dephosphorylation of p-S196 by lambda no specific localization to the spindle or the centromere (data not shown). Whereas ␣-MCAK-injected cells had phosphatase was significantly inhibited by the ␣-p-S196 antibody ( Figure S2 ). These data suggest that antibody extremely long astral microtubules generating "hairy spindles," as previously reported ( Figure 8B; [29] ), the To study the injection phenotypes in more detail, nonimmune IgG or ␣-p-S196 antibody was injected into majority of control IgG-injected cells ( Figure 8A , n ϭ 25) and ␣-p-S196-injected cells (Figures 8C and 8D; n ϭ 32) prophase PtK2 cells, and the timing and morphology of mitosis was analyzed using time-lapse phase contrast had bipolar spindles with normal astral microtubules. Unlike control IgG-injected cells, the ␣-p-S196-injected microscopy (Figures 8E and 8F; Movies 1 and 2). ␣-p-S196-injected cells exhibited a 73% increase in the cells often had chromosomes that were not fully congressed to the metaphase plate. This is similar to our amount of time necessary to complete chromosome congression to the metaphase plate (p Ͻ 0.01; Table previous findings upon depletion of centromeric MCAK by GFP-CEN injection [31] ; however, some ␣-p-S196-1). Once chromosomes aligned, however, there was no delay in the initiation of anaphase segregation of chroinjected cells exhibited abnormal spindle organization, such as fragmented poles (22% of prometaphase cells; matids (p ϭ 0.58). Overall, chromosomes in 44% of injected cells had difficulties aligning at the spindle Figure 8D ) and monopolar spindles (13% of prometaphase cells; data not shown).
equator (Movie 2, Table 2 ) and 33% of cells had chromo- outer kinetochore proteins Mad2, BubR1, CENP-E, and this may be a general regulatory mechanism for this family of enzymes. dynein [12, 13], so MCAK mislocalization upon loss of Aurora B activity could be a consequence of disrupted
This regulatory phosphorylation appears to occur at mitotic centromeres in vivo. Costaining of MCAK and kinetochore structure. However, MCAK is a component of the inner centromere and the inner kinetochore [31] , p-S196 indicates that there are regions of the centromere that contain MCAK that are both hypo-and hyperand its localization is not disrupted upon inhibition of outer kinetochore assembly [37, 39] . Whether Aurora B phosphorylated on S196, suggesting that the regulatory phosphorylation is under spatial control at each centrophosphorylation directly localizes MCAK must still be resolved, and we are currently testing whether the three mere. Aurora B family members have been proposed to be regulated by tension across the centromeric region N-terminal Aurora B phosphorylation sites affect MCAK centromere targeting.
[9]. Our staining of phospho-MCAK is consistent with individual centromeres having different amounts of kinase activity. We are currently carrying out a quantitative Aurora B Phosphorylation Regulates MCAK study to determine the correlations of ␣-p-S196 staining Microtubule Depolymerase Activity and relative chromosome position and movement. Three of the Aurora B phosphorylation sites on MCAK From our antibody inhibition data we conclude that were mapped to the kinesin neck, a regulatory domain regulation of MCAK by phosphorylation on S196 funcimportant for the function of most kinesins [23] . The tions primarily at the centromere. If MCAK were active S196 site fits the reported Aurora B/Ipl1 consensus seat centromeres without first being phosphorylated on quence very well [19] , and the single point mutation, S196, we would not expect a phenotype from ␣-p-S196 S196A, abolishes the Aurora B/Ipl1 phosphorylation in injection. Yet, the ␣-p-S196 antibody phenocopied domthe neck region, indicating that S196 is the primary phosinant-negative studies in both extracts and cells dephorylation site. Phosphorylation of this site strongly signed to specifically displace MCAK from centromeres inhibits the microtubule depolymerase activity of MCAK. Since S196 is highly conserved among Kin I kinesins, [30, 31]. Loss of cytoplasmic MCAK activity in both ex- Since we did not see that phenotype, the ␣-p-S196 antibody must not be inhibiting Improper microtubule attachment could pull PP1 into areas of inactive MCAK or stretch inactive MCAK into cytoplasmic MCAK. Instead, our results, in combination with the abundance of p-S196 localization at the centroareas of active PP1 to locally activate microtubule depolymerase activity. Alternatively, a recently identified mere, suggest that the antibody specifically inhibits centromeric MCAK function. The finding that the antibody centromere protein ICIS (inner centromere KinIstimulator) has been shown to stimulate MCAK activity in vitro blocks MCAK dephosphorylation at S196 indicates that the antibody locks MCAK in the inactive state and likely [43] . Since ICIS associates with both Aurora B and MCAK, an alternative MCAK activation mechanism insequesters the MCAK pool that cycles through the phosphorylated state. It follows from this hypothesis that volving ICIS may exist in vivo. Identifying the centromeric activator of MCAK is an exciting direction for fuallowing the ␣-p-S196 antibody to incubate in extracts for longer periods of time would allow more MCAK to ture study. cycle through the centromere, become phosphorylated and inactivated, and the extract would accumulate long Regulation of Chromosome Biorientation Chromosome biorientation or bipolar kinetochore atmicrotubules. This is exactly what we find (data not shown), and this also confirms that the MCAK with the tachment is essential for equal segregation of duplicated genomes. Based on previous data and data presented antibody bound is deficient of depolymerase activity. Thus, our data suggests that most functional MCAK at in this study, we propose a model for the regulation of MCAK activity by Aurora B phosphorylation. Aurora B the centromere must cycle through the phosphorylated and thus, inhibited, state. localized to centromeres phosphorylates MCAK on multiple sites to facilitate centromere loading of MCAK. This Our data predicts that centromeric MCAK is activated by a phosphatase that removes the phosphate from ensures that MCAK is placed on the centromere in an inactive state that allows kinetochores to bind microtu-S196. An interesting candidate is protein phosphatase 1 (PP1). PP1 antagonizes Aurora B function and regubules during prometaphase. Syntelic or merotelic at- Immunoblotting was carried out as described [16] . ␣-p-S196 was tachment would lead to the local activation of MCAK to used at 4 g/ml, ␣-MCAK at 1 g/ml, ␣-Aurora B at 0.2 g/ml, and depolymerize the incorrectly attached microtubule. This ␣-phospho H3 at 1:1000.
cycle repeats until proper amphitelic attachment is achieved.
Microtubule Destabilization Assays
We Labs) was used at 1:10,000 as a secondary antibody to visualize the biotinylated primary antibody. Images were collected using an Experimental Procedures E600 Eclipse microscope (Nikon, Tokyo, Japan) equipped with a CH350 cooled charged-coupled device camera (Photometrics, TucKinase Assays and Phosphatase Treatment son, AZ) and a computerized Z-motor (Conix Research, Springfield, Aurora B immunoprecipitation kinase assays were carried out as OR). A 100ϫ/1.40 Nikon Plan Apo oil immersion lens was used for described [16] , and all reactions contained 50 pmol of the indicated all images. Maximum stack images were generated from 0.3 m substrate. A bicistronic vector expressing both 6his-Ipl1 and 6his-interval Z sections and analyzed using MetaVue 4.5 software (UniSli15 was constructed in Pet28, the protein was expressed in BL21, versal Imaging, Downingtown, PA). and purified on Qiaexpress Ni-NTA agarose beads according to the Immunofluorescence analysis of injected S3 or PtK2 cells was manufacturer's instructions (Qiagen, Chatsworth, CA), followed by carried out essentially as described [31] , with the exception that Superose 6 gel filtration chromatography (Amersham Biosciences, 2% formaldehyde fixation was used when staining with ␣-p-S196. Piscataway, NJ) as described [16] . 0.1 g Ipl1-Sli15 was used for ␣-p-S196 (50 g/ml), DM1␣ ( 100 g/ml for IgG or ␣-p-S196, 40 g/ml for ␣-MCAK) were added to the extract at 75 min after the second CSF addition, and spindles first passed through a GST-MD-MCAK column and subsequently purified on the phosphopeptide affinity column as described [45] .
were allowed to assemble for an additional 15 min prior to sedimenting onto coverslips. Visualization of the GFP fusion proteins For double staining with other rabbit antibodies, affinity-purified ␣-p-S196 was biotinylated using the Mini-Biotin-XX protein labeling was enhanced by staining with anti-GFP antibodies ( Biol. 161, 267-280. 14. Adams, R.R., Wheatley, S.P., Gouldsworthy, A.M., Kandels
